In this paper, the preparation of graphene oxide was achieved by Hummers method and the surface modification was achieved by poly(hexaneditiol), which was a synthetic thermotropic liquid crystalline polymer. The c-PHDT/GO/PF composites were prepared by blending, rolling and compression molding techniques. Then, the as-prepared samples were characterized by FTIR, Raman, XRD, TGA and POM to obtain information on their structures and properties. After that, the effects of c-PHDT/GO content on the mechanical properties, friction performance and dynamic mechanical performance of c-PHDT/GO/PF composites were studied by Mechanical and Dynamic Mechanical Analysis (DMA) methods. Also, Scanning Electron Microscope (SEM) was used for the characterization of wear and fracture surface morphology. The results revealed that the reinforcing effect of c-PHDT/GO was significant as a considerable enhancement on the mechanical performance of c-PHDT/GO/PF composite as compared to pure phenol-formaldehyde composites was observed: the impact strength, bending modulus and bending strength increased from 1.63 kJ/m 2 , 8.61 GPa and 41.55 MPa to 2.31 kJ/m 2 , 10.16 GPa and 54.40 MPa respectively at the c-PHDT/GO content = 0.75%. Moreover, the initial storage modulus increased by 28.4%, while the wear mass loss decreased by 17.8%. More importantly, the reinforcement by c-PHDT/GO was further enhanced as compared to GO/PF and p-PHDT/GO/PF composites, the impact strength of c-PHDT/GO/PF composite increased by 27.6% and 11.1%, the bending strength increased by 11.8% and 7.6%, the initial storage modulus increased by 16.2% and 4.2% and the mass loss due to wear decreased by 12.7% and 8.8%, respectively. Based on these results, we can conclude that the surface modification of GO by poly(hexanedithiol), which includes synergistic effect by c-PHDT and GO, improves the interfacial adhesion between GO and the resin matrix, thus reinforcing the composites.
Introduction
Graphene is a carbon nanometer material comprising a single and tightly packed 2D layer of sp 2 -hybridized carbon atoms that are bonded together in a hexagonal honeycomb lattice [1] . With the minimum thickness (one atom thick, namely 0.355 nM) currently reported for 2D materials, this unique 2D crystal has shown various advantages such as excellent electrical [2] and mechanical [3] properties, ultra-large surface, low friction coefficient [4] and tunneling effect. Therefore, graphene has been a popular research topic globally in the past few years.
One of the key research areas for this material is the graphene-based nanocomposites including graphene/polymer nanocomposites [5] - [8] and graphene/inorganic nanocomposites [9] . For instance, the fabrication of graphene/epoxy resin nanocomposites by reduction of graphene oxide [10] , the composition of modified graphene, single-walled carbon nanotubes and expanded graphite by solution dispersion method in PMMA [10] , graphene/ foamed organic silicon nanocomposites, graphene/polymer conductive nanocomposites, graphene oxide/polymer nanocomposites as lubricants for coatings, etc. [11] [12] . It has been proved that the graphene/polymer composites can be significantly enhanced in terms of mechanical, thermal and electrical properties as compared to the conventional polymers. For instance, 1.0 wt% of graphene [8] leads to a 40˚C increase in the glass transition temperature of PAN and 0.01 wt% of graphene [13] leads to a 33% increase in the elastic modulus of PMMA.
Phenol-formaldehyde resin (PF) is a thermoset resin that has been widely applied in virtue of their excellent properties such as high strength, excellent thermostability and electrical insulation, and good dimensional stability. Also, this material presents intrinsic advantages of resins such as flame retardance, ablation resistance and low smoke yield ratio [14] [15] . Nevertheless, some other intrinsic properties of this material have limited its application in various fields. For example, the resin matrix is relatively brittle due to the closely packed rigid aromatic rings, which are attached to the methylene groups. Also, the thermostability and oxidation resistance are relatively weak due to the presence of phenolic hydroxyl and methylene groups [16] [17] . For this reason, the strengthening and toughening of PF is a hot topic in the field of composite materials.
Liquid crystalline polymers are those polymers that are in the phase of liquid crystal under certain conditions. In virtue of the combination of high molecular weight and liquid crystalline phase sequence, this material shows unique mechanical and other physical properties [18] [19] . In the melting process, the rigid macromolecules are highly oriented in terms of flow direction and the hardening effect was retained after curing. In virtue of its excellent self-reinforcement, heat resistance and high modulus, this material has been intensively studied for the in-situ reinforcement of composites [20] [21] .
Based on studies reported [22] - [25] , we present the fabrication of graphene oxide by modified Hummers method, followed by surface modification by synthetic PHDT to obtain modified graphene oxide (c-PHDT/GO). With blending, rolling and compression molding, the c-PHDT/GO/PF composite was prepared and the synergistic effect of c-PHDT/GO on the mechanical properties, friction performance and dynamic mechanical performance was investigated. In this way, this study serves as a reference for further studies of the synergistic reinforcement of PF by c-PHDT/GO.
Experimental

Raw Materials
The graphene oxide (GO) was prepared by modified Hummers method as reported previously [26] [27] . The poly (hexaneditiol) (PHDT) with a melting point of 160˚C and a clearing point of 236˚C was prepared by a method reported previously [28] . The phenol-formaldehyde resin, thionyl chloride (analytical grade), N, N-Dimethyl formamide (analytical grade) and pyridine (analytical grade) were purchased from Shengquan Chemical Corporation, Jinhuada Pte Ltd. and Xilong Chemical Corporation respectively.
Fabrication of Modified Graphene Oxide
Firstly, 200 g graphene oxide was weighed and added into a 250 ml three-neck flask with reflux condenser, thermometer and magneton, followed by addition of 50 ml thionyl chloride and 2 ml DMF. Then, the reflux reaction at 75˚C for 24 h was allowed, followed by removal of residual thionyl chloride by distillation under reduced pressure. In this way, the thionyl chlorinated graphene oxide was obtained [29] . In the next step, 4 g PHDT, 50 ml DMF and a certain quantity of pyridine were added into the flask with thionyl chlorinated graphene oxide and the flask was kept at 95˚C -100˚C for 24 h. Afterwards, the mixture solution was rinsed by DI water and ethanol and filtered for 4 times. The product was dried in vacuum oven at 80˚C for 24 h to obtain c-PHDT/GO. On the other hand, graphene oxide without treatment by thionyl chloride was mixed with liquid crystal to obtain physically blended p-PHDT/GO as a control group. The modification of graphene oxide was done as shown in Figure 1. 
Fabrication of PF Composites
Firstly, GO, c-PHDT/GO and p-PHDT/GO were mixed and extruded at 140˚C by YBY-I micro-scale mixingextruding integrated experimental device. Then, the extruded product was crumbled, followed by addition of curing agents and fillers according to suggested ratio. Afterwards, rolling of the mixture was conducted, followed by second crumbling and compression molding to obtain the composite samples. The parameters of compression molding were as follow: 160˚C -170˚C, 10 MPa and 5 min. Once cooled down, post-curing (120˚C for 2 h + 140˚C for 2 h + 160˚C for 2 h + 180˚C for 2 h) were applied to the samples and GO/PF, c-PHDT/GO/PF and p-PHDT/GO/PF composites were obtained. Figure 2 shows the preparation process of PF composites.
Characterization and Testing
Fourier transform infrared (FTIR) spectra were measured on a Thermo Nexus 470 FTIR spectrometer (KBr disk). Raman spectra were recorded on a Thermo Fisher Scientific DXR Raman spectroscopy. Thermogravimetric analysis (TGA) were carried out on a TA Q500 instrument with a heating rate of 10˚C/min in a N 2 flow. Powder X-ray diffraction (XRD) spectra were taken on a Holland PAN alytical X-Pert PRO X-ray diffractometer with Cu Kα radiation. Dynamic thermomechanical analysis (DMA) were performed on a TA DMA-Q800 instrument, sample size was 40 mm × 10 mm × 4 mm with a heating rate of 3˚C/min from 50˚C to 300˚C. Liquid crystalline texture were examined using a XPN-203 polarized optical microscopy (POM) equipped with a hot stage. Sharpy impact tests were performed on the XJJ-5 tester, the specimens were rectangular bars with dimen- sions of 4 × 10 × 120 mm, in accordance with the National standards GB1043-93. At least five specimens were tested and their average value was taken. Three-point bending tests were performed on AG-201 computer controlled electronic universal testing machine at a pressing speed of 2 mm/min and a gauge length of 64 mm in accordance with the National standards GB9341-2000. The sample size was 4 × 10 × 120 mm. At least five specimens were tested and their average value was taken. The friction tests were conducted on a constant speed (D-SM) tester. The friction disk is made of cast iron (HT250) with a hardness of 210 HB. The tester offers a friction temperature range of 100˚C -300˚C, which is automatically adjusted. The load was 0.98 MPa on each slider and the speeds were in the interval of 480 r/min. The friction tests were carried out at 100˚C, 150˚C, 200˚C, 250˚C, 300˚C and each test lasted for 10 min, in accordance with the standards GB 5763-2008. The Vickers hardness test was conducted on the MH-6microhardness tester. The density tests were conducted on the AND-300d tester. At least three specimens were tested and their average value was taken. A JSM-6380 LV scanning electron microscope (SEM) was used to observed the morphology of worn and fracture surfaces which were sputtered a thin layer of gold.
Results and Discussions
Characterization of Modified Graphene Oxide
Infra-Red Characterization Figures 3(a)-(c)
show the IR spectra of c-PHDT, p-PHDT and PHDT respectively. According to these figures, similar absorption peaks were observed for the three samples: peak at 3410 cm −1 due to hydroxyl group, absorption peaks at 2950 cm −1 and 2840 cm −1 due to methylene group, peak at 1730 cm −1 due to stretching vibration of C=O bond, peaks at 1600 cm −1 and 1500 cm −1 due to stretching vibration of aromatic benzene rings and peaks at 1270 cm −1 and 1070 cm −1 due to stretching vibration of C-O bond. As shown in Figure 3(d) , absorption peaks at 3400 cm −1 and 1627 cm −1 are believed to be a result of hydroxyl groups and adsorbed moisture in GO, absorption peak at 1723 cm −1 is due to C=O bond, peaks at 1384 cm −1 and 1050 cm −1 are due to bending vibration of C-O bond and stretching vibration of C-O-C group respectively. By comparison, it is concluded that the similar IR spectra of c-PHDT, p-PHDT and PHDT are due to the similar oxygen-containing functional groups in GO and PHDT.
Raman Characterization
The Raman spectra of graphite, graphene oxide, c-PHDT/GO and p-PHDT/GO are shown in Figure 4 . According to Figure 4(a) , a strong G peak at 1582 cm −1 and a weak D peak at 1351 cm −1 and are observed in the spectrum of graphite. These peaks are due to the sp 2 and sp 3 hybridized carbon atoms respectively. The presence of 
X-Ray Diffraction Characterization
According to Table 1 and Figure 5 , graphite showed a diffraction peak at 2θ = 26.55˚ and GO showed one at 2θ = 11.42˚. The diffraction peak at 2θ = 11.42˚ in GO was a result of agglomeration. In the spectra of PHDT, c-PHDT/GO and p-PHDT/GO, strong peaks were observed in the range of 2θ = 19˚ and 2θ = 23˚, indicating the presence of crystals in all of the three samples, besides the amorphous components. In addition, a diffraction peak at 2θ = 21.05˚ was observed in the spectrum of c-PHDT/GO, indicating that the structure of this sample was affected by the surface modification.
Thermogravimetric Analysis
The TGA results of PHDT, c-PHDT/GO, p-PHDT/GO and GO are shown in Figure 6, Figure 7 and Table 2 . According to Figure 6 and Figure 7 , a rapid decomposition was observed in GO at temperature lower than 250˚C. The corresponding temperature of highest decomposition rate was 223˚C. This can be explained by the presence of oxygen-containing functional groups, which can be easily detached. At T > 250˚C, these functional groups had been completely removed and the decomposition process was significantly decelerated. At T = 700˚C, the carbon yield of GO was 40%. As shown in the figure, the decomposition temperature at 5% mass loss (T d 5%) for c-PHDT/GO was 348˚C, which was increased by 18˚C, 51˚C and 214˚C as compared to PHDT, p-PHDT /GO and GO respectively. At T = 700˚C, the carbon yield of c-PHDT/GO was 22.9%, which was increased by 3.56% and 5.46% as compared to PHDT and p-PHDT /GO respectively. Meanwhile, the temperature of initial decomposition was 357˚C. By comparing c-PHDT/GO and p-PHDT/GO, we can conclude that the thermal behavior of c-PHDT/GO was significantly enhanced, indicating the formation of covalent bonds between PHDT and oxygen-containing functional groups on GO as a result of surface modification. In addition, the π-π* conjugation between PHDT and GO plays a key role in the enhancement of thermal behaviors well. Tonset correspond to starting decomposition temperature. Td5%, Td15%, Td60% correspond to decomposition temperature of 5%, 15% and 60% weight loss, respectively. Figure 8 shows the POM images of PHDT, c-PHDT/GO, p-PHDT/GO. The heating process started from room temperature. Below melting temperatures, a dark view was observed. Once the meting process initiated, colour strips occurred and expanded as the heating continued. At T = clearing point, the color stripes disappeared and the view returned to dark. A dark region and a clear region were observed in this image. The clear region was a result of the birefringence phenomenon in the melting process of liquid crystals while the dark region was resulted from GO. In c-PHDT/GO and p-PHDT/GO, the birefringence was attenuated, indicating that the presence of GO had an effect on the liquid crystalline structure. Table 3 shows the mechanical properties of the as-prepared GO/PF composite samples. As we can see, the impact strength, bending modulus and bending strength of all the three samples surpassed those of pure PF sample. In addition, the impact strength of c-PHDT/GO/PF composite increased by 27.6% and 11.1%, the bending strength increased by 11.8% and 7.6%, as compared to GO/PF and p-PHDT/GO/PF respectively. As a result, it is concluded that the mechanical performance of GO/PF composites can be enhanced by surface modification in GO. A possible mechanism of the enhancement is that the interfacial compatibility between PF and GO was improved as a result of the surface modification on GO by PHDT and the synergistic effect of GO and PHDT on the composites. Figure 9 and Table 4 show the friction performance of the as-prepared GO/PF composite samples. The results revealed that the wear mass loss of PF composites increased with increasing temperature, while the mass loss of pure PF composite was the highest one. This served as a proof that the involvement of GO, p-PHDT/GO and c-PHDT/GO can enhance the wear resistance of the composite and c-PHDT/GO is the most effective one. The mass loss of c-PHDT/GO/PF decreased by 17.5%, 12.7% and 8.8%, as compared to pure PF, GO/PF and p-PHDT/GO/PF composites respectively. In the wear process, the thermal decomposition of the stratified GO led to the formation of a carbon film transfer layer, which served as lubricant between the composite and the friction surface. The modified GO enhanced the compatibility of the reinforcing components and polymer, thus the interfacial effect of the composite. For this reason, the wear mass loss of c-PHDT/GO/PF was minimized. As shown in Figure 10 , the presence of GO and PHDT can enhance the Vickers hardness of the composite. Additionally, the hardness enhancement was maximized in the c-PHDT/GO/PF composite, indicating that the modified GO can enhance the interfacial adhesion. The composite hardness is inversely proportional to the wear mass loss, while the composite density was not significantly affected by GO. Figure 11 shows SEM images of the abrasive surfaces of the samples. As shown in Figure 11 (a) and Figure  11(b) , a large quantity of furrows and severe filler exfoliation were observed on the abrasive surface. In addition, severe thermal degradation was observed in the friction test. According to Figure 11(c) and Figure 11(d) , the abrasive surfaces were smooth and the quantity and depth of furrows and filler exfoliation were significantly reduced, indicating that the wear resistance of the composites were significantly improved by p-PHDT/GO and c-PHDT/GO. Figure 12 shows the storage modulus (E') and loss factor curves of the four composite samples. The relevant data was shown in Table 5 . According to Figure 12 , at T < T g , the storage modulus of GO/PF, p-PHDT/GO/PF and c-PHDT/GO/PF samples were higher than that of pure PF sample. Among the four samples, the c-PHDT/ GO/PF sample showed the highest storage modulus. For instance, the storage modulus of c-PHDT/GO/PF sample was 7384 MPa at 50˚C, which is 26.2%, 16.2% and 4.2% higher than the modulus of PF, GO/PF and p-PHDT/GO/PF respectively. Although the modulus of all the samples decreased with increasing temperature, the modulus of c-PHDT/GO/PF was still highest (5904 MPa) at 100˚C. In addition, the storage modulus of c-PHDT/ GO/PF sample was never lower than that of pure PF sample in the whole process. This can be explained by the synergistic reinforcement as a result of the PHDT modified GO, which can improve the interfacial adhesion and rigidity of the composite. According to Figure 13 and Table 5 , the T g of p-PHDT/GO/PF and c-PHDT/GO/PF samples was 8˚C lower than that of pure PF sample. A possible reason is the presence of PHDT, whose melting temperature and clearing point are relatively low. In the case that the sample was at the state of liquid crystal, the freedom of motion of the chains increased, resulting in a lower glass transition temperature. Table 6 shows the effect on c-PHDT/GO content on the mechanical properties of composites. According to this table, the impact strength, bending modulus and bending strength were enhanced by the presence of c-PHDT/ GO. As the content increased, the mechanical performance of the sample increased and then decreased. With a content of 0.75%, the impact strength, bending modulus and bending strength were 2.31 kJ/m 2 , 10.16 GPa and 54.40 MPa respectively. This can be explained by the presence of modified GO, which is hydrophobic and can be readily dispersed in the PF. Meanwhile, the self-enhancing liquid crystalline polymer has a similar structure with that of PF and can enhance the interfacial effect between GO and PF, thus the mechanical performance of the composite. The degradation of mechanical performance was believed to be a result of non-uniform distribution of modified GO in the PF matrix. Due to the agglomeration of GO, internal focal points of stress were formed, resulting in degraded mechanical properties of the sample. Figure 14 and Table 7 show the effect of c-PHDT/GO content on friction performance of composites. As we can see, the wear mass loss of sample increased with increasing temperature, while the loss was reduced in all of the GO/PF samples at different temperatures as compared to the pure PF sample. With c-PHDT/GO content to be 0.5% and 0.75%, the wear mass loss was minimized (17.8% lower than that of pure PF sample). This can be explained by the reduced content of oxygen-containing functional groups in modified GO and its hydrophobicity, which favors its dispersion in PF. The decomposition of modified GO led to the formation of a carbon film, which served as a lubricant. In conclusion, the synergistic effect of GO and liquid crystal lowered down the friction and enhanced the wear resistance of composite samples. Figure 15 shows the effect of c-PHDT/GO content on the density and hardness of composites. As we can see, with increasing content of c-PHDT/GO, the sample hardness increased and then decreased. With c-PHDT/GO content to be 0.5%, the sample hardness was maximized. Sample hardness was positively related to the deformation resistance and wear resistance, while the density was not affect by the c-PHDT/GO content. Figure 16 , Figure 17 and Table 8 show the effect of c-PHDT/GO content on the DMA results of composites. As we can see, with the c-PHDT/GO content to be 0.75%, the composite showed a storage modulus of 7514 MPa (28.4% higher than pure PF sample), 6057 MPa (20.5% higher than pure PF sample) and 4360 MPa (14.2% higher than pure PF sample) at 50˚C, 100˚C and 150˚C respectively. With the c-PHDT/GO content to be 0.5%, the composite showed a storage modulus of 2555 MPa (29.8% higher than pure PF sample) at 200˚C. The results revealed that the rigidity of composite samples can be enhanced by involvement of c-PHDT/GO, which can be explained by the improved dispersion of GO in the composite and interfacial effect as a result of surface modification by liquid crystal polymer.
Characterization by Polarizing Optical Microscope (POM)
Mechanical Properties of GO/PF Composites
Effect of GO Surface Modification on the Mechanical Properties of GO/PF Composites
Effect of GO Surface Modification on the Friction Performance of GO/PF Composite
DMA Results of GO/PF Composites
Effect of c-PHDT/GO Content on the Properties of Composites
Effect on the Mechanical Properties of Composites
Effect on the Friction Performance of Composites
Effect on the DMA of Composites
According to the temperature and loss factor curves, the loss factor peaks of GO/PF composites were broad and smooth, indicating that the glass transition regions of these samples were extended. With the c-PHDT/GO content to be 1.0%, the T g of different samples were 234˚C, 238.7˚C, 236.9˚C, 227.7˚C and 224.6˚C respectively, which are consistent with the pure PF sample. 
Conclusions
 For the composite based on synthetic PHDT modified graphene oxide (c-PHDT/GO), red shift was observed in the Raman spectrum, indicating the resence of π-π* conjuga-tion between c-PHDT and GO. The thermo-gravimetric analysis results revealed that the initial temperature of thermal decomposition for c-PHDT/GO was 357˚C and the carbon yield at T = 700˚C was 22.9%, indicating that the thermal stability of GO was significantly enhanced. Characterization by Polarizing Optical Microscope showed that the c-PHDT/GO was a liquid crystal in a way as birefraction phenomenon was observed, in spite that it was attenuated as compared to pure PHDT.  The GO modification by PHDT which was liquid crystalline polymer had a significant positive effect on the mechanical performance and DMA of PF composites. The impact strength of c-PHDT/GO/PF composite increased by 27.6% and 11.1%, the bending strength increased by 11.8% and 7.6%, the initial storage modulus increased by 16.2% and 4.2% and the mass loss due to wear decreased by 12.7% and 8.8%, as compared to GO/PF and p-PHDT/GO/PF, respectively. These results revealed that the surface modification of GO by poly(hexanedithiol) achieved synergistic reinforcement.  The content of c-PHDT/GO was proved to be directly related to the mechanical performance and DMA of PF composites. With c-PHDT/GO content to be 0.75%, the impact strength, bending modulus and bending strength increased from 
